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ABSTRACT

Measurements of the equilibrium partitioning of agueous el ectrolytes between liquid and vapor
give information which can be used to establish plausible speciation models for the solutes in both
phases, as well as practical knowledge of the extent of solute transport in steam cycle
applications. In a series of experimental and modeling studies, we have shown that for strong
electrolytes (e.g., NaCl) the observed solute partitioning is consistent with the assumption of
compl ete association of electrolytes to neutral speciesin low-density steam, with very modest ion
association in the liquid phase even at relatively high concentrations. For weaker electrolytes
(e.g., HCI) the degree of dissociation of the solute in the liquid phase at a given temperature and
molality is lower, with higher measured volatilities of the solute. Under these speciation
assumptions, values of the electrolyte association constant K, at the critical temperature and
density of the solvent, determined by measurements of electrical conductance or other methods,
provide an independent check of the consistency of the volatility results and an *anchor point” for
modeling the temperature and density dependencies of the distribution constant K. These phase-
equilibrium measurements can aso be used in some cases to give information on the activity
coefficients of speciesin the liquid phase at high temperatures and concentrations. Examples of
partitioning behavior in pure and mixed agqueous € ectrolyte solutions including HCl(ag) and
{NaCl + HCI} (ag) illustrate the use of measured compositions of coexisting phasesto give
equilibrium distribution constants, information on liquid-phase activity coefficients, and

indications of the extent of ionization of the solute in both the liquid and vapor phases.
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equilibria; volatility



INTRODUCTION

The volatility of electrolyte solutes in aqueous solution, or equivalently, the partitioning of
electrolytes between liquid water and saturated steam, is an important consideration in a number
of natural and technological systems even though the vapor-phase electrolyte concentration is
very small under most subcritical conditions. For example, corrosion of system materials and
deposition of solids have been found in the steam cycles of central power plants even under
relatively stringent guidelines for impurity limits in the water used in the cycle. In geothermal
power systems based on either the flashing of steam from concentrated brines or the production of
“dry” steam from underpressured (steam-dominated) reservoirs, the partitioning of electrolytes
between liquid and steam can lead to rapid corrosion of well and piping systems and in extreme
cases force particular wells to be shut-in and abandoned. Measurements of the volatility of
aqueous electrolytesis also of fundamental interest, in that the partitioning of solutes between
phases can be interpreted in terms of the extent of association of the solutes to neutral speciesin

each phase.

The importance of the technological problem of impurity transport in power plant steam cyclesis
evident from the long history of investigationsin thisarea. An early summary report by Straub
[1] includes a number of references dating back to the 1930's. At that time it was considered that
“soluble” compounds were transported through liquid droplets, and that the carryover of these
(primarily electrolyte) components through steam was negligible. Astemperaturesincreased in
Rankine-cycle plantsin an effort to improve cycle efficiency and better methods were used to

reduce the amount of entrained liquid droplets in steam, transport of dissolved solids in steam



became an increasingly important source term for deposition and corrosion processes. A number
of investigations of the solubility of saltsin supercritical steam and of the liquid-vapor phase
equilibria of “nonvolatile” (e.g., electrolyte) solutes at subcritical temperatures, were carried out
in the former Soviet Union, and particularly by Styrikovich and coworkers [2-8]. These studies
led to the widespread use of the “ray diagram” describing the partitioning of solutes between
liquid and steam as a ssimple function of the ratio of the densities of the phases. A primary
motivation for the work at ORNL described here was the observation by Jonas and others [9] that
the ray diagram did not accurately represent the observed carryover of solutesin operating fossil-

fired power plants.

In the following sections the apparatus and techniques used to determine the compositions of
coexisting liquid and vapor phases at high temperature are briefly reviewed. The basis for the
volatility representation of the ray diagram is described, with reference to its lack of general
applicability to systems in which the total concentrations of solutes in each phase include
significant contributions from partitioning of hydrolysis products (i.e., acids and bases) of the
original salts. A thermodynamic model based on differing assumed dominant speciation of solutes
in liquid and steam is developed and illustrated through application to recent experimental results.
The implications of the volatility measurements on solute speciation are outlined through
consideration of a fully-speciated thermodynamic model for liquid-vapor equilibriain NaCl(aq).
Finally, some future prospects are described for the unambiguous determination of the distribution

of solute speciesin coexisting phases.



EXPERIMENTAL APPARATUS AND TECHNIQUES

Both static and dynamic (flowing) methods have been applied to determine the compositions of
coexisting liquid and vapor phases of aqueous electrolytes at high temperatures. An example of a
guantitative dynamic-sampling method has been described by Goodstine [10]. While this method
has advantages in the possibility of extending the range of measurement to lower liquid-phase
concentrations by collecting and concentrating large samples of equilibrated vapor, the static
method is operationally smpler and has been used in many studiesin our laboratories. A
schematic diagram of the apparatus is shown in Figure 1. The stainless steel high-temperature
pressure vessel (HIP Corp.) has an internal volume of approximately 600 cm?. It contains a close-
fitting platinum-aloy liner of 0.25 mm thickness which is equipped with a platinum aloy
thermowell and sampling lines for both liquid and vapor phases. A third platinum aloy tubeis
used to connect the vapor space within the liner to a Teflon bag within a second autoclave at
ambient temperature. The annular space around this Teflon bag is connected in turn to the
annular space in the high-temperature autoclave, and serves to equalize pressure across the liner
through the transport of a small amount of solution. Essentialy no fluid is transferred between
the annular space and the liner during equilibration and sampling at constant temperature. A third
autoclave, also at room temperature, contains a chemically-inert syringe (polypropylene and
polyethylene). Samples of the equilibrated vapor phase are obtained by slowly (maximum rate 2
cm®h*) withdrawing water from the annular space of the sampling autoclave into a positive-
displacement pump. Samples of the equilibrated liquid phase are withdrawn directly into an inert

syringe through an inert (PEEK; Upchurch Scientific) valve as shown at the top of Figure 1.



Sample contamination and quantitative trace-level analysis of the vapor phase samples are two
primary sources of uncertainty in determining the compositions of coexisting phases. Differences
between liquid- and vapor-phase concentrations of low-volatility solutes can be greater than 8
orders of magnitude, depending on temperature and solution concentration. Thus contamination
of avapor sample with aslittle as 0.01 per cent entrained liquid could give an apparent vapor-
phase solute concentration which is higher than the actual concentration by a factor of 10%.
Checks for possible contamination of vapor samples are made through varying the sampling rate
and by the use of tracers (e.g., low levels of KCl in NaCl solutions) in the liquid phase. Sample
analyses are carried out using a number of techniques as appropriate, with acidimetric titration,
standard- or concentrator-mode ion chromatography, and flame-ionization or graphite-furnace

atomic absorption spectroscopy used for most samples.

One of our early investigations [11] on the volatility of hydrochloric acid indicated that this acid
was much more volatile than chloride sdlts (e.g., NaCl), and all experiments have included the use
of pH control and/or full analyses for both cation and anion concentrations in steam condensate

samples to insure that erroneous results did not arise through partitioning of hydrolysis products.

RESULTSAND DATA ANALYSIS

The direct results of sampling and analysis of the compositions of coexisting phases are the
molality (or other appropriate composition variable) ratios in the two phases, i.e., m,/m, where the
subscripts v and | refer to vapor and liquid phases, respectively. Due to the effects of activity

coefficients and/or speciation of the solute in the two phases, thisratio is not in general expected



to be independent of total solute concentration in either phase. It isinstructive here to consider
both the basis for the ray diagram and the assumptions used to develop our more recent

thermodynamic treatment of phase equilibrium results.

Basis of the Ray Diagram

The most common representation of the ray diagram is that given in Figure 2, where the ratio of
concentrations of solute in the two phasesis alinear function of the ratio of the densities of the
phases when each is plotted on alogarithmic scale. This relationship must be true near infinite
dilution at the solvent critical point, where the two phases have identical compositions. The steep
negative sope of the individua “rays’ in the diagram indicate the strong prograde partitioning of
solutes to steam with increasing temperature for relatively nonvolatile solutes. The oppositeis
true for relatively volatile solutes, NH, lies above zero at al points on this plot, with positive

slope[12].

The chemical equilibrium between a pure crystalline compound M X and a generalized hydrate

species MX-nH,O in phase p is given by

MX(c) + nH,O(p) = MX-nH,O(p) (1)

The equilibrium constant for reaction (1) may be written as

Bx-H,0),(P)
Ko = ————— )
31 o(P) ayx (©)



Taking the activity of the crystalline MX equal to unity and substituting liquid (1) and vapor (v)

designations for the general phase p gives after some rearrangement

IogaMX'(HZO)”(V) -~ log K(v) nlog 3,0(1)
x40, () K(1) a4 0(V)

3)

The assignment of asingle value for n in equations (2) and (3) is an important assumption. This
assignment is made based on the assumption that a single hydrate species will predominate in both
phases. In principle, this hydration number should be expected to change significantly with
temperature and particularly with density. Within this assumption, the quantities K(v) and K(I)
are dependent only on temperature and pressure. Along the liquid-vapor critical line for this
system the activities of all componentsin each phase must be equal, and { K(v)/K(1)} i = 1.

Approximating K(v) = K(I) for {T,p} conditions removed from the liquid-vapor critical line gives

x40, (V) ay o))
log———— = -nlog
Bx- 4,0, () a,0(v)

(4)

Approximating the activities of these components as equal to their concentrations, and assuming
that the single hydrate species MX-(H,0),, is the predominant solute species in each phase such
that its concentration is approximately equal to the total stoichiometric concentration c(p) in each

phase gives

()



Equation (5) isthe form most generally given for the ray diagram; changing from amolar
concentration basis to the molal basis only changes the value of n by 1. The single fitting
parameter n isidentified as the number of waters of hydration of the solute in each phase. This
parameter is positive for relatively nonvolatile compounds, which partition more strongly to the
vapor phase with increasing temperature. A negative value for n, implying negative hydration or
exclusion of water from the vicinity of a solute molecule, is needed to describe the partitioning of

volatile solutes (e.g., ammonia).

A number of relatively severe approximations were used in obtaining equation (5). Styrikovich et
al. [13] noted that the distribution ratio c(v)/c(l) will generally not be independent of
concentration, and this point will be developed further below. It is more important for practical
applications to note that the ray-diagram approach is difficult to apply to general mixed electrolyte
and/or concentrated solutions, and that no straightforward accounting for the effects of hydrolysis
(e.g., volatility of acids) isincorporated into the treatment. A more flexible general treatment for
the distribution of solutes between phases was needed to account for the composition dependence
of the distribution ratio and the contributions of hydrolyzed species to the total solute

concentration in the vapor phase.

Partitioning Equilibrium Constants
In developing this treatment the extent of ionization of an electrolyte in each phase, rather than
the hydration of the solute, is taken as a starting point. The relevant equilibria for ion association

and phase partitioning of a ssimple electrolyte MX are



M “(aqg,l) + X “(aq,l) = MX(aq,l)
M “(agv) + X “(aq.v) = MX(aq,v)
M “(ag,l) + X “(ag,l) = M “(aq,v)+X “(aq,v)
MX(aq,l) = MX(aq,v) (6)
where due to mass balance only three of these equilibria are independent. The equilibrium

constant for ion association of MX in either phase may then be written as

. My (@0) Y v (2a)
K, = (7)
my,(aa) v,y (aq) my (aq) vy (aq)

This equilibrium constant for ion association in the liquid phase may be combined with that for the
partitioning of the neutral species MX between liquid and vapor to give an equilibrium constant

for the distribution reaction

« My (80, V)Y (201, V) ©
° my,(aq,l)y,,(aa,1)m,(ag, 1)y, (ag,1)

It can be estimated based on electrical conductance measurements [14, 15] that K, isvery large at
the relatively densities characteristic of subcritical steam along the liquid-vapor saturation curve.
Under conditions where the solute is negligibly ionized in steam, the equilibrium constant for the
overall partitioning of MX between liquid water and steam is represented well by equation (8).
Activity coefficients for uncharged solutes in agueous solutions at low molalities are generally
near unity, except very near the solvent critical point. Adopting this approximation and limiting

consideration to a single solute M X, eq. (8) takes the smple form

10



KD - 2 92 (9)

where v, is the stoichiometric mean-ionic activity coefficient of MX in the liquid phase.

The distribution constant K, of equation (9) does not approach unity at the solvent critical point.
Combining equations (7) and (8) and noting that the activities of associated MX in the liquid and
vapor phases become identical at infinite dilution as the solvent critical point is approached gives
the simple relation

Ko(TePo) = Ka(Topy) (10)
Thus for solutes for which K, has been determined by electrical conductance or other methods at
elevated temperatures and fitted such that K,(T.,p.) can be estimated, the value of K(T_p,)
obtained from fitting volatility results can be compared with an independent value at the critical
point, or can be included with values obtained from volatility measurements to give additional

data for fitting K(T).

Experimental Results and Fitting

Determination of K(T) from measured compositions of coexisting phases according to equation
(8) or (9) requires values of the activity coefficient of the solute in the liquid phase at the
temperature and concentration of the experiment. In principle these values could be determined
through simultaneous fitting of the equilibrium constant with parameters of an appropriate model

for activity coefficients such as the ion interaction treatment of Pitzer (16). In practice the limited
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molality range over which coexisting-phase compositions can be determined reliably makes it
more practical to use activity coefficients determined independently over the full temperature
range of interest (e.g., refs. (17) and (18)), or estimates based on available values to high
temperature coupled with extrapolations based on differences between In y for the compound of
interest and an appropriate reference compound (12). An exception arises for mixed e ectrolytes,
where information on the effect of mixing on activity coefficients can be obtained from
measurements of liquid-vapor equilibria of one or both solutes in the mixture as discussed in

further detail below.

A sdlection of values of K(T) obtained from measurements of phase equilibriaat ORNL is shown
in Figure 3. For relatively nonvolatile electrolytes the strong increase in K, with increasing
temperature is clearly evident. Most of the experimental results can be fitted to nearly the
experimental uncertainty with a smple function of temperature and solvent density

Kp(Top) = a+blT +clogp (11)
where a, b, and c are adjustable parameters and p is the density of liquid water. Thisexpressionis
asmplification of the equation used by Marshall and Franck (19) to represent the equilibrium
constant for the ionization of water, and applied to other ionization reactions by Mesmer et al.
(20). Values of the density of water used in this program were calculated at the pure-water
saturation vapor pressure from the equation of state of Haar, Gallagher, and Kell (21). Slightly
modified or extended forms of equation (11) can be used for experimenta results which span a
relatively wide temperature range with high precision (11, 12). Conversely, for solutes for which

low volatility or thermal instability precludes precise measurements of volatility over wide ranges

12



of temperature (e.g., refs. (22) and (23)), an “isocoulombic” representation (24) with equivalent
charges on both sides of the reaction can be written based on known ionization reaction
guantities:

H,0(l) + NH, (aq) + HSO, (ag) = NH,HSO,(v) + H *(aq) + OH “(ag) (12)
Aswritten in equation (12) the heat capacity change for the partitioning reaction can be
approximated as AC,° = 0 and the third term on the right hand side of equation (11) can be

neglected.

Volatilitiesin Mixed Electrolytes

Most systems of practical interest involve multiple solutes in aqueous solution. Thisis
particularly true in natural systems at high temperatures such as geothermal reservoirs. For these
systems the effects of one e ectrolyte component on the volatility of a second solute can be used
to model changesin the activity coefficient in the mixed electrolyte. An exampleisthe volatility
of HCI in {HCI + NaCl} (ag) mixtures. For this system a consistent treatment of the
stoichiometric activity coefficients of the individual pure electrolytes was devel oped (25) which
extends the linear approximation developed by Pitzer and Mayorga (26) to account for the
relatively strong ion association of HCl(aqg) at high temperature without explicit recognition of
solute speciation. This stoichiometric approach was adopted to provide a consistent
representation of activity coefficientsin the common-ion mixture without the complication of a
fully-speciated treatment of the thermodynamics of NaCl(ag). With vaues for the pure-
electrolyte excess thermodynamic properties at the temperature, pressure and ionic strength of the

mixture, the ion interaction expression for the activity coefficient of a solute MX in a common-ion
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mixtureis

|”Y|le = |r1y,\*/IX +yAd* + ymx{GMN + mx[ 1- %] IDMNX} (13)

where the asterisk quantities are those of the pure electrolyte at the ionic strength of the mixture,
Ad™ = Py - Duxs My =My + My, Y = M/ (Myy + Myy), and B, and Yy are adjustable

parameters.

M easurements were made of the partitioning of HCl from brine to steam over { HCI + NaCl} (ag).
Combining equations (8) and (13) gives an expression for the adjustable parameters in terms of

the predicted and observed vapor-phase molality of HCI:

1
My [0y na * M1 =YWy ol = [ 2_y) In

m,(calc) )
m (obs)

Adp” (14)

It was found that the three-ion interaction parameter ,, y,c; Was not needed to represent the
partitioning results within experimental uncertainty. Values of the parameter 6,,,, as afunction of
temperature obtained from the vapor-liquid equilibrium measurements are compared in Figure 4
with those determined from measurements of the enthalpy of mixing of NaCl with HCI (27). The

consistency between the parameter values from the two sets of experimentsis very good.

Fully-speciated Treatment of Volatility Results
Widely differing assumptions concerning the speciation of solutesin liquid water and steam lead
to significant differences between the ray diagram and the thermodynamic equilibrium constant

models in the predicted partitioning behavior of ionizable solutes under conditions where

14



measurements are not practical. For asimple electrolyte MX (e.g., NaCl), if it is assumed that the
only species present areion pairs MX and ions M* and X", there are four limiting casesinvolved in
the complete description of the partitioning of MX between liquid and vapor. Of these, the
assumption that the solute is primarily ionized in liquid water and ion-paired in steam forms the
basis for the thermodynamic equilibrium constant treatment of partitioning data discussed in detail
above. Thereverselimit (paired in liquid, ionized in steam) is unlikely to be realized in agueous
solutions as both the density and dielectric constant of the solvent are higher in liquid water than
in steam, promoting ionization of electrolytesin the liquid as compared with the vapor phase at
any given (subcritical) temperature and pressure. Under most cases it is not feasible
experimentally to extend measurements to conditions where the solute is predominantly ionized in
both phases. However, for finite values of the association constants of the solute in both phases,
at sufficiently low solute concentrations the solute should dissociate to ions. Under these
conditions the fundamental assumption that the solute is predominantly associated in the vapor
phase will not be correct, and molality of solute in steam calculated from that model will be lower
than the true value for a given liquid-phase composition. In the following section the
experimental results for both solute partitioning and speciation are reviewed with emphasis on the
available speciation results at high temperatures (t > 350°C). It is under these conditions where
the increasing density and dielectric constant of steam promotes the dissociation of solutes to

ions.

The problem of determining unambiguously the speciation of even 'smple’ eectrolytesin solution

is difficult to solve by experiment. Spectroscopic techniques (e.g., Raman spectroscopy) have
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been used at elevated temperatures to give information on speciation in aqueous solution (28) and
on water structure (29). High-temperature neutron-scattering measurements have been made on
water (30) and some electrolyte solutions (31). Recent improvements in synchrotron x-ray
sources have increased the applicability of EXAFS to determinations of near-ion structural
features in agueous solution, in princple including ion pairing (32, 33). All these techniques are
subject to some interpretation, particularly in those cases where one form of solute (ionized or

paired) predominates in solution.

Recently significant progress has been made in computer ssmulations of agueous solutions using
model potentials for water and solutes. For example, Chialvo et a. (34, 35) have calculated ion-
association constants for model NaCl(ag) and HCI(ag) at high temperatures and made
comparisons of these values with available experimental results. However, the simulation results
are not yet sufficiently numerous or reliable to permit their use in calculating solute speciation

under the conditions of interest in practical applications.

The best available experimental information on the speciation of electrolytes in high-temperature
agueous sol utions has been obtained from measurements of the electrical conductance of dilute
solutions over wide ranges of temperature and density. Ho, Palmer, and Mesmer (36) have
reported measurements of the conductance of NaCl(aqg) from 100 to 600°C at pressures to 3000
bars. Based on their results at temperatures above 350°C, where ion association is experimentally
significant, these authors have expressed the equilibrium constant for the ion-association reaction

as afunction of temperature and solvent density:
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logk,, = 0.997 - 650.07/T - (10.420 - 2600.5/T)logp (15)

A density-dependent expression for the partitioning of NaCl(aq) between liquid and steam under
the approximations of equation (9) has been given by Simonson et al. (37):

logK, = -33.31 + 33829/T + 7.152logp, + 20.728 logp,, (16)
Similar equations are available for the association constant (15) and distribution constant (11) for
HCl(ag). The condition where the molalities of ions and neutral species are equal in the vapor
phase can be taken as a limiting condition for the approximation that equation (9) represents the
total partitioning between liquid and steam. Ignoring activity coefficients for very dilute solutions
and assuming that the density-dependent expressions for ion association can be applied in the low-
density vapor phase for which data are not available, the stoichiometric molaity m” in the liquid

phase corresponding to equivaent ion and neutral-species molalities in the vapor phase is

logm,” = 0.5log(K,K_) (17)

Estimates of m,” obtained from equation (17) and the representations for K , and K, described
above are shown in Figure 5. It isnot surprising that HCI, having significant covalent-bonding
character, should show smaller m” than NaCl for all temperatures. The calculated values of m;
for NaCl are lessintuitive, predicting relatively high values for m;” which increase with decreasing
temperature over the range considered. It must be noted that no effort has been made to
reconcile the values of K, and K, at (T, p.) where the values calculated from equations (15) and
(16) differ by more than an order of magnitude; thus the calculations from equation (17) are

approximate at best. Unfortunately these predictions are very difficult to test experimentally. For
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example, at 350°C combining logm” =-3 with log K, ~ -1 givesm,” = -7, which is near the
concentration limit accessible with the most sensitive conductance apparatus currently available

(38).

The analysis above was based on assumed continuity in the density dependence of the association
constant for these solutes across the subcritical vapor-liquid phase boundary. Very different
predictions can be obtained from an extrapolation of the analysis of ionization of NaCl in
supercritical steam determined from mass spectrometric measurements as presented by Pitzer
(39). Inthat analysis the ionization constants at 400°C for NaCl at steam-like densities (p < 0.1
g-cm®) were calculated to be more than 10 orders of magnitude smaller than those obtained from
linear extrapolation of the results at liquid-like densities (p > 0.3 g-cm?), and discontinuities were
predicted for the density dependence of the ionization constant in liquid and vapor phases at
subcritical temperatures. Further theoretical and experimental investigations of NaCl(aq)
ionization in steam at high subcritical temperatures are needed to improve quantitatively the

representation of NaCl volatility given in equation (16).

A final point isimportant to the consideration of solute speciation and its effect on the calculation
of liquid-vapor partitioning of solutes over wide ranges of temperature and solution composition.
As has been shown in experimental studies on the volatility of NH,Cl (12), the partitioning of
conjugate acids (e.g., HCI) is often the dominant contribution to the total anion molality in steam.
These acids are generdly ion-paired to a much stronger degree than are the salts. Theratio of

acid volatility to salt volatility at high temperatures is important to the calculation of pH in liquids
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formed as steam condensate at lower temperatures. However, in these more concentrated
condensates it seems clear that the partitioning of solutes from steam to condensate will best be
described in terms of neutral solutesin steam in equilibrium with predominantly ionized solutesin

the coexisting liquid.

SUMMARY AND CONCLUSIONS

A principa application of the results of measurements and modeling of the partitioning of solutes
between liquid water and steam is the prediction of the composition of coexisting phases at
various points in the steam cycles used in power generation (e.g., fossil, nuclear, or geothermal).
In general, nonvolatile solutes will partition very strongly to the “early condensate” liquids formed
on partial condensation of steam at temperatures significantly below the origina steam-formation
temperature. This behavior, which is driven by the strong prograde temperature dependence of
salt volatility, leads to the formation of relatively small amounts of condensate with solute
concentrations many orders of magnitude greater than the origina boiling liquid, and can result in
serious problems of solid deposition and/or corrosion in operating systems. Detailed calculations
appropriate for various steam cycles have been presented based on the partitioning results and

models described here (23).

Finally, it should be noted that the representations discussed here are inapplicable to the
interesting problem of calculating the compositions of coexisting fluid phasesin concentrated
electrolyte solutions above the critical temperature of water. For these conditions appropriate

methods based on equations of state (40) or corresponding-states models (41) are needed to

19



reflect that the liquid-vapor critical curve for el ectrolyte solutions at finite concentrations extend

to temperatures well above the solvent critical point.
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FIGURE CAPTIONS

Figure 1. Schematic diagram of the static volatility apparatus used in ORNL studies of solute
volatility.

Figure 2. A representation of the ray diagram, showing the relationship between solute
distribution ratios and the ratio of the densities of liquid water and steam.

Figure 3. Equilibrium partitioning constants K,(T) determined from ORNL volatility
measurements (except NH,). a, NH,; b, SO,; ¢, Ch,COOH, d, HCOOH; e, HCI; f, NH,CI; g,
H,SO,; h, NaCl; i, CH,COONg; j, NaOH; k, NH,HSO,; I, Na,SO,; m, NaHSO,,.

Figure 4. Comparison of the mixed-electrolyte ion-interaction parameter 6., ,, determined from
calorimetric and volatility measurements.

Figure 5. Caculated values of the liquid-phase molality m,” corresponding to predicted equivalent

molalities of neutral and ionized solute species in steam.
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